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Abstract

Transition radiation (TR) of a relativistic electron crossing the in surface of a crystal may be scattered by a system of
atomic planes. This effect may change essentially the interference between TR waves emitted from in and out surfaces of
a crystalline target. The influence of the mentioned effect on total emission properties is studied in this work within the
frame of the dynamical diffraction approach. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

When a fast charged particle crosses the
boundary between two different media it emits the
free photons of transition radiation (TR) [1]. In the
case that such a particle crosses a layer of a me-
dium the interference between TR waves emitted
from in and out surfaces of a layer takes place. If
the target possesses a crystalline structure the TR
wave emitted from in surface of the target may be
scattered by a system of atomic planes. This dy-
namical diffraction effect can change the condition
of the interference between such wave and that

emitted from owut surface as it is shown in the
present work.

The aim of this paper is the detailed analysis of
TR wave Bragg scattering in Laue geometry. The
possibility to obtain a single emission peak with
very narrow spectral and angular width caused by
the dynamical diffraction effect is shown.

The general formulae obtained in this work
take into account the contribution of the para-
metric X-ray radiation (PXR) emitted in forward
direction by a fast particle [2,3]. The possibility to
separate TR contribution by the use of a photon
collimator is shown for the case of high enough
particle energy. On the other hand the problem of
forward PXR observation is not solved up to now.
Therefore the conditions of such PXR observation
are discussed as well.



The analysis is performed in this work for both
a thin non-absorbing crystal and a thick crystal in
which the influence of a photoabsorption is es-
sential. For the latter case the manifestation of the
anomalous Borrmann absorption of the TR wave
is predicted.

Numerical calculations and corresponding dis-
cussion of a possible experiment devoted to the
observation of the narrow TR peak complete the
study of this work.

It is important to note that the considered
problems are analogous to that arising in the
physics of PXR and diffracted TR [4-6]. However,
in the above mentioned works the emission in the
Bragg-scattering direction was studied, contrary to
this work devoted to the emission in the forward
direction.

2. General expressions

Let us consider the emission of a relativistic
electron beam crossing a crystalline target with in
surface and out surface placed in the planes x =0
and x = L, respectively. Reflecting crystallographic
plane is assumed to be parallel to the plane XZ
(the reciprocal lattice vector g defining this crys-
tallographic plane is directed along the axis e,).
The mean beam velocity v is placed in the plane
XY at the angle ¢ relative to reflecting crystallo-
graphic plane, e,v = —vcos ¢. To find the Fourier
transform of electric field

E..= (2n)™* / dt &*rE(r, 1) exp(iwr — ikr)
inside the crystal with the dielectric permeability
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(70(®@) is the mean dielectric susceptibility of a
crystal, y,(w) is the structure amplitude of atomic
scattering), we have the following Maxwell equa-
tion:
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Within the frame of two-wave approximation
of the X-ray dynamical diffraction theory [7] the
total ﬁelc21 E,; is defined by the components
El =Y ek and Eowg = Y, ek only
(here e, are the polarization vectors, ke =
(k+ g)e;e =0). The system (1) is reduced to the
well-known equations of the dynamical diffraction
theory,
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where o = 1, oy = k(k+ g)/klk + g|.

The solution of the system (2) is given by
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Eq Ej, (3)
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where k| = k, + k..

Determining the solution of equations for the
fields £y, outside the target (these equations fol-
low from (2) in the limit y, = y, = 0), one can find
the unknown coefficients by the use of ordinary
boundary conditions. The final expression for the
field E; in a vacuum behind the crystal is given by
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where k., = (1/v,)(w — kyv)). It is easy to see that
the first term in the expression for EY; in (4) de-
scribes an emission field. The second one corre-
sponds to a particle Coulomb field. To find an
emission amplitude it is necessary to perform the
integration

E?ad — /d3ka,1ku5(kx — 4 /602 — kﬁ) eiknr — AA © s
4
(5)

where n is the unit vector in the direction of an
emitted photon observation. The result of the in-
tegration (5) may be obtained in wave zone by the
stationary phase method. The emission amplitude
is described by the simple formula

AA = 721’[1601’!,561160,,”, (6)

determining the spectral-angular and polarization
characteristics of emitted photons.

3. TR spectral-angular distribution in the case of a
thin non-absorbing crystal

Using the obtained general results (4) and (6),
let us consider the emission spectral-angular dis-

tribution in the case of non-absorbing crystal with
dielectric susceptibilities y, = —mj/w* and y, =
—? /o, where oy is the plasma frequency of a
medium, ) = ofF (g)e /2% /7 for the simplest
crystal with one atom in the elementary cell
(F(g) is the atom form factor, Z is the number of
electrons in an atom, e~ (/2¢"% is the Debye-Wal-
ler factor). Definition of the angular variable ® by
the formula

1
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allows us to simplify the important expressions
K — o + ki and k7 — k7, in (4),
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where @, = ;- (1+ 0 cote), w, =g/2sing is
the Bragg frequency, y = (1 — v?) '/

Taking into account the formulae (4), (6) and
(8), it is easy to obtain the final expression for the
total emission spectral-angular distribution in the
form
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The total emission amplitude 4; consists of two
components. The amplitude AR describes TR with
taking into account the dynamical diffraction ef-
fects. It is easy to see that in the limit |£;| > 1 the
amplitude 4T% takes a simple form
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coinciding with the well-known emission ampli-
tude for the ordinary TR emitted by a relativistic
particle crossing a layer of amorphous medium [8].
The dynamical diffraction effects manifest in the
close vicinity to the Bragg frequency wj; only.

The second amplitude APX® describes the PXR
containing the contribution of two branches of the
solution of wave equations. Only the quantity ¢_
may be equal to zero considered as a function of
&,. Therefore the corresponding item in the ex-
pression for 47*R makes the essential contribution
to the PXR yield.

The width of TR angular distribution has a
value of the order of y~! in accordance with the
expression (9) for ATR. On the other hand the
performed analysis (see [9] as well) shows that
PXR angular distribution has a dip gap in the
range O < \/y 2+ (wj/w?). This circumstance
allows to neglect the contribution of PXR to
emission yield within the angular range @ ~ y~! in
the case of high enough emitting electron’s energy,

Popwl > 1. (11)

The condition (11) allows to single out the TR
contribution by the use of a photon collimator

with angular size 6@ ~ y~!. We assume the con-
dition (11) to be valid and consider TR properties,
described by the formula
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The quantity 7; in (12) is considered as a function
of the fast variable &,. This function describes TR
correctly in the close vicinity near Bragg frequen-
cy. The very important parameter © describes the
interference between the ordinary TR waves
emitted from in and out surface of a target. It is
easy to see that in the limit |£;| > 1 (far from the
vicinity of Bragg frequency) the function 7; is de-
scribed by

Ty — 2(1 —cost) (13)

in accordance with the general result (10).

The result (13) shows interesting possibility to
obtain a very narrow TR peak using interference
properties of the ordinary TR. Choosing the
crystal thickness L satisfying the condition

2
r:%tamz;:zn, (14)

one can suppress the ordinary TR contribution in
the vicinity of Bragg frequency w, due to the
negative interference between TR waves emitted
from in and out surface of the target. The possi-
bility to use an intrafoil resonance in TR has been
recently demonstrated experimentally [10].















gument of the function sin in (28) is large on
condition 7, > 1). The most essential contribution
of an interference may be observed on condition
(11) in the range of observation angles @ ~ y~!

6. Analysis of a possible experiment

Let us consider the possibility of an experi-
mental verification of the predicted dynamical
diffraction effects. The conditions of a narrow TR
peak observation in the process of a relativistic
electron beam interaction with (22 0) plane of Si
crystal are analysed in this work.

Choosing the orientational angle ¢ between an
emitting particle velocity and (22 0) crystallo-
graphic plane to be equal to 24° one can obtain for
the Bragg frequency w; the value w; ~ 8§ keV. In
the conditions under consideration a photo-
absorption is small enough (3§ ~ 0.351 x 10°°,
%y~ 0.34 x 10 in accordance with [7]) and the
inequality 26 < 1 (see (18)), which allows to ne-
glect photoabsorption, is valid if the crystal
thickness L <« 70 pm.

The target thickness L must be chosen in ac-
cordance with the condition (14) permitting to
suppress an ordinary TR contribution in the vi-
cinity of the Bragg frequency w,. The suitable
value of L is L ~ 20 pm.

It should take into account the condition (11).
This condition allows to separate TR contribu-
tion by the use of a photon collimator. In case
the beam of KEK electron accelerator with ac-
celerated particle’s energy ¢ ~ 1 GeV is used the
ratio ywg/w;, has the great enough value of about
7.5.

Three quantities (the emission spectrum
odNTR /dw, the angular distribution dNTR/d*@
and the number of emitted photons NT®) are of
interest for an experiment. The shape of an emis-
sion spectrum depends strongly on the collimator’s
angular size ©,. The formula for o(dNT®/dw)
calculated by the use of (12) where quantities

7, have the values 7; = 4,19 and 7, = 2.94 is given
by
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fast variable T;(¢&;) is defined by expression (12).

It should be noted that only fast variable 75(&;)
has been integrated when deriving the formula (29)
due to used condition J; <« 1. The functions G ()
and G,(y) are presented in Figs. 5 and 6.

It is easy to see that the spectral width Aw of
TR peak (29) is very small. The maximum Aw is
achieved on condition y@; > 1 and has the value
Ao = apytan @ =~ 4 eV, Therefore X-ray detector
with very high energy resolution must be used in
the experiment devoted to narrow TR peak ob-
servation.

Angular distribution of a dynamical TR peak
following from (12) has the usual form for TR,

__%
(2t 0
(31)
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In accordance with (31) the angular spread of
an emitted photon flux has the value of about
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